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ABSTRACT 


The  electronic  admittance  of  an  avalanche  diode  oscillator, 
operating  under  steady-state  conditions,  has  been  investigated 
experimentally.  The  cw  output  power  and  frequency  behaviour  of  the 
oscillator  have  been  studied  as  functions  of  load  impedance  and  of  bias 
current.  In  order  to  gain  insight  concerning  the  behaviour  of  the  diode 
at  the  onset  of  oscillations,  the  small-signal  electronic  admittance  has 
been  obtained  as  a  function  of  bias  voltage,  for  voltages  less  than  the 
threshold  voltage.  Plots  of  the  oscillator  admittance  show  that,  for 
low  voltages,  the  circuit  surrounding  the  diode  dominates  oscillator 
behaviour,  while  for  increasing  voltages  the  diode  behaviour  becomes 
increasingly  dominant.  The  effect  of  load  on  the  behaviour  was  studied 
by  plotting  the  Rieke  diagram.  Discontinuous  changes  in  oscillator 
signal  frequency  were  observed  with  load  variation  and  bias  current 
variation;  the  discontinuous  frequency  changes  were  not  reversible  i.e., 
hysteresis  characteristics  were  observed.  The  constant  frequency  curves 
of  the  Rieke  diagram  are  skew,  indicating  that  the  electronic  susceptance 
is  a  function  of  power  level.  The  electronic  admittance,  with  the 
oscillator  in  steady-state  operation,  was  computed  by  using  the  data 
from  the  Rieke  diagram. 
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CHAPTER  I 


INTRODUCTION 

Semiconductor  microwave  devices  have  made  tremendous  headway1 
in  the  past  ten  years  or  so.  Among  these  devices  are  IMPATT  (IMPact 
Avalanche  and  Transit  Time)  diodes  first  proposed  by  Read2  in  1958. 
However,  several  years  elapsed  before  Johnston,  et  al.3  demonstrated 
the  generation  of  microwave  power  by  avalanching  p-n  junctions,  which 
were  not  of  a  Read  structure.  Soon  afterwards,  Lee  et  al . 4  experi¬ 
mentally  demonstrated  the  feasibility  of  the  Read  structure. 

The  diode  structure  that  Read  proposed  and  analysed  consists 
of  a  very  narrow  avalanche  region  followed  by  a  drift  region  where 
charge  carriers  move  with  scattering-limited  velocities.  The  combined 
phase-delay  of  current  in  these  two  regions  results  in  a  negative  resis¬ 
tance,  which  permits  such  a  diode  to  operate  as  a  microwave  generator. 

Gilden  and  Hines5  used  the  space-charge  approach  to  derive  a 
small-signal  equivalent  circuit  and  explained  electronic  tuning  effects 
in  the  Read  diode.  Gummel  and  Scharfetter6  carried  this  work  further  by 
including  phase-shifts  in  the  avalanche  region  and  by  using  realistic 
values  for  the  ionization  coefficients  (a  /  3  in  silicon) ;  they 
obtained  plots  of  admittance  as  a  function  of  frequency  and  current 
density  for  different  diode  structures.  From  the  first  report  of 
successful  operation  and  later,  from  the  work  of  Misawa  and  others, 
it  may  be  concluded  that  structures  other  than  that  proposed  by  Read 
also  possess  negative  conductance  due  to  their  transit  time  properties. 
Misawa  showed  that  the  negative  resistance  effect  of  the  IMPATT  type  is 


' 


- 


' 

■ 

»  ■ 


■ 


2 


possessed  also  by  a  junction  diode  with  a  general  doping  profile, 
regaidless  of  whether  the  doping  profile  is  designed  to  localise  the 
avalanche  region  (p-n-i-n)  or  to  spread  it  uniformly  (p-i-n) . 

Johnson  analysed  the  Read  diode  by  considering  different  ionization 
coefficients  for  holes  and  electrons  in  silicon  and  obtained  the  small- 
signal  admittance.  For  the  large-signal  case,  a  closed-form  solution 
of  the  nonlinear  equations  describing  a  Read-type  IMPATT  diode  was 
found  by  Evans  and  Haddad9,  who  also  derived  results  on  rf  output  power 
and  efficiency.  Later,  Scharfetter  and  Gummel 1 0  employed  a  simplified 
theory  as  a  starting  design  for  a  silicon,  p-n-v-n  type  Read  diode  and 
wrote  a  computer  program  for  obtaining  numerical  solution  of  the 
equations  of  carrier  transport,  carrier  generation  and  space-charge 
balance.  They  presented  large-signal  values  of  the  diode  admittance, 
diode  average (dc)  voltage  and  conversion  efficiency  as  a  function  of  ac 
voltage  amplitude,  for  fixed  average  current  density. 

A  microwave  oscillator  can  be  analysed  by  either  one  of  the 
following  two  distinct  approaches:  (i)  By  studying  the  properties  of 
charge  carrier  motion,  the  mechanism  of  dc  -  to  -  rf  energy  conversion 
and  rf  energy-transfer  or  (ii)  by  evolving  appropriate  equivalent 
circuits  involving  an  electronic  admittance.  For  this  work,  the  second 
approach  was  adopted;  the  electronic  admittance  of  an  avalanche  diode 
oscillator  (ADO)  has  been  determined  experimentally11.  A  cross-sectional 
view  of  the  ADO  is  shown  in  Fig.  1.1.  The  doping  profile  of  the 
commercially  obtained  diode  used  is  shown  in  Fig.  1.2.  The  diode  is  a 
one-sided  abrupt  junction  formed  by  diffusing  a  highly  doped  p-layer 
2.6  microns  deep  into  epitaxial  silicon.  The  epitaxial  layer  is  7.7 
microns  thick  and  has  an  impurity  density  of  approximately  5xl015 
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First,  the  cavity  housing  the  diode  was  characterized  by  cold- 
tests:  That  is,  an  equivalent  circuit  of  the  resonator  and  of  the 
coupling  iris  was  evaluated.  Derivation  of  suitable  equivalent  circuits 
involves  the  study  of  the  properties  belonging  to  the  complex  consisting 
of  resonator,  output -coupler  system  and  rf  load.  Therefore,  in  the  next 
chapter,  the  resonator  and  its  equivalent  circuit  are  considered.  After 
establishing  the  equivalent  circuit,  the  ADO  admittance  was  measured  for 
various  bias  voltages  less  than  the  threshold  voltage.  The  resonator 
admittance  was  subtracted  from  this  admittance  to  obtain  the  small- 
signal  admittance.  Oscillator  output  power  and  frequency  variation  with 
load  were  studied  with  the  aid  of  a  ref lectometer  bridge,  for  cw 
operation.  Measured  load  admittance  values  were  then  used  to  compute 
the  electronic  admittance.  Frequency  jumping  with  a  change  in  load  and 
bias  current  was  also  studied  with  the  ref lectometer  bridge. 


CHAPTER  II 


THE  OSCILLATOR 

CAVITY  AND  ITS  OUTPUT-COUPLER  SYSTEM 

In  this  chapter,  the  choice  of  equivalent  circuit  representation 
for  the  cavity  and  for  the  coupling  iris  are  described,  along  with  the 
appropriate  mathematical  expressions.  Various  experimental  techniques 
are  then  considered  and  finally  the  procedure  for  determination  of  the 
equivalent  circuit  outlined. 

2 . 1  The  Microwave  Resonator  and  its  Parameters 

Because  the  ordinary  concepts  of  voltage,  current  and  impedance 
lose  their  conventional  meaning  when  a  circuit  component  becomes 
comparable  in  size  to  the  operating  wavelength,  the  equivalent  circuit 
representation  of  a  microwave  oscillator  is  not  as  explicit  as  that  of 
low  frequency  circuits.  For  example,  a  resonant  circuit  at  low 
frequencies  can  be  completely  described  by  specification  of  the  lumped 
parameters  L,  C  and  R.  However,  for  a  definition  of  the  parameters  of  a 
microwave  cavity  resonator,  a  proper  choice  of  field  quantities 
relevant  to  the  problem  is  necessary.  Many  practical  cavities  possess 
simple  geometrical  shapes.  The  stored  magnetic  and  electric  energies  in 
the  electromagnetic  field  determine  the  equivalent  inductance  and 
capacitance.  Ohmic  losses  in  the  resonator  walls  and  dielectric  losses 
in  the  cavity  determine  its  equivalent  conductance.  A  low  frequency 
resonant  circuit  comprised  of  lumped  elements  L,  C  and  R  possesses  a 
single  resonant  frequency,  whereas  a  cavity  resonator  can  resonate  at  an 
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infinite  number  of  frequencies.  An  accurate  equivalent  circuit 
representation  of  a  microwave  cavity  without  excessive  losses,  coupled 
by  some  arbitrary  transducer  to  a  waveguide,  is  shown  in  Fig.  2.1. 

The  shunt  resonant  circuits,  of  resonant  frequencies 

f o >  ^oij  ^02’  .  >  f0n>  represent  the  resonant  modes  of  the 

microwave  cavity.  The  load  admittance  +  jB£  is  coupled  to  each  of 

the  resonator  modes  by  the  mutual  inductance  M  of  a  coupling  element, 

an  iris  in  our  case,  having  a  self-inductance  .  Electronic  activity 

within  the  cavity  can  excite  these  modes  and  is  characterized  by 

admittances  (Geo  +  jBeo),  (Gei  +  jBei),  .  ,  (Gen  +  jBen) •  The 

electronic  admittances  (Gem  +  jBem)  are  defined  as  the  ratio  of  rf 

current  to  rf  voltage  at  the  appropriate  terminal  pair;  that  is, 

v  -  r  +  iR  - 
1 em  uem  ->Dem  (Vrf)m  5 

m  =  0,  1,  2,  .  ,  n, 

Resonators  for  oscillators  are  normally  designed  to  possess 
fairly  wel 1 -separated  modes,  permitting  oscillations  only  in  the 
vicinity  of  the  desired  frequency.  The  behaviour  of  a  resonator  near 
the  selected  frequency  may  thus  be  represented  by  retaining  part  of 
the  equivalent  circuit  representing  this  mode,  Fig.  2.2.  In  this 
diagram: 

Gr  =  shunt  conductance  of  the  cavity 
Lr,  Cr  =  equivalent  inductance  and  capacitance 
L  =  equivalent  inductance  of  the  coupling  iris 
M  =  mutual  inductance  between  Lj  and  Lr. 

The  diode  package-  and  bias  circuit  losses  and  reactances  are 
lumped  with  those  of  the  cavity,  since  the  diode  is  mounted  inside  the 
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FIG.  2.1.  EQUIVALENT  CIRCUIT  REPRESENTATION  OF  A  MICROWAVE  OSCILLATOR. 
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FIG.  2.2.  SIMPLIFIED  EQUIVALENT  CIRCUIT  OF  A  MICROWAVE  OSCILLATOR 
DESIGNED  TO  OPERATE  IN  A  SINGLE  MODE. 


-O 


o 


FIG.  2.3.  EQUIVALENT  CIRCUIT  OF  A  MICROWAVE  OSCILLATOR 


IN  "COLD"  STATE. 
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cavity.  When  the  operating  voltage  is  reduced  to  zero,  the  device  is  in 
the  cold  state,  and  (Gg  +  jB^)  are  absent.  Under  these  two  conditions 
the  equivalent  circuit  representation  of  Fig*  2.2  then  reduces  to 
Fig.  2.3,  which  then  represents  an  iris-coupled  avalanche  diode 
oscillator  when  it  is  not  generating  a  signal. 

The  circuit  description  of  a  cavity  resonating  in  a  given  mode, 
as  represented  in  Fig.  2.3,  is  complete  if  fQ,  Cr  and  Qq,  the  resonant 
frequency,  resonator  capacitance,  and  unloaded  Q  respectively,  are 
known.  As  the  ordinary  concept  of  current  and  voltage  does  not  hold  at 
microwave  frequencies,  the  shunt  conductance  is  defined  as 

„  2W 

Gr  ~  (/ E  d£) 2  ...  (2.1) 


where 

W  =  power  dissipated  in  the  cavity 

E  =  the  peak  electric  field  along  the  path  of  integration 
between  two  specified  points  in  the  resonator. 

It  is  possible  to  obtain  the  theoretical  parameters  u)0,  Q0,  Gr, 
Cr  and  Lr  for  a  few  simple  geometrical  shapes  from  the  losses  in  the 
walls  and  from  geometrical  factors  but,  for  the  resonator  under 
consideration,  mathematical  computation  would  be  too  involved. 

Moreover,  wall  losses  are  a  function  of  surface  roughness  and  degree  of 
tarnishing  in  addition  to  conductance  of  material  and  are  best 
determined  by  experiment . 

The  following  sections  of  this  chapter  deal  with  the  procedure 
for  the  determination  of  Lr,  Cr,  Gr,  L1  and  M  of  the  actual  resonator 
used . 

The  parameters  of  a  resonant  cavity  Lr  and  Cr  cannot  be 
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measui ed  directly  in  a  distributed-elcmcnt  resonator  like  the  one  under 
investigation.  The  quantities  that  are  directly  measurable  are  the 
resonant  frequency  fQ  and  the  Q-value  of  the  cavity.  Q  of  a  cavity  may 
be  defined  by. 


2tt  energy  stored  in  cavity _ 

energy  dissipated  in  cavity  per  cycle 


at 

resonance 


This  leads  to  the  expressions: 


Qo  =  00Cr)/Gr  =  l/(u)0LrGr)  ...(2.2) 

where 

w0  =  27TfQ  =  l/(LrCr)^  ...(2.3) 

2.2  Determination  of  Equivalent  Resonator  Capacitance  and  Inductance 

There  are  at  least  two  different  ways  of  determining  Cr  and  Lr. 

(1)  Smith's  Method12 

1  3 

(2)  Differential  Capacitance  Variation  Method 
(1)  Smith's  Method 

Smith  determined  the  numerical  value  of  Lr  for  a  magnetron 
resonator.  He  pointed  out  that  if  a  capacitance  AC  is  connected  at  the 
terminals  t-t  of  Fig.  2.3,  the  square  of  the  resonant  wavelength  A0, 
should  vary  linearly  with  AC,  and  then  from  the  equation12 

A(A0) 2  =  (2TTC)2LrAC  ...(2.4) 

Lr  can  be  found.  In  his  experiments,  AC  was  the  incremental  change  in 
capacitance  of  the  resonator  slots  produced  by  filling  the  slots  with  a 
material  of  known  dielectric  constant. 

This  method  may  be  adapted  to  determine  Lr  of  an  avalanche 
diode  oscillator  cavity  either  by  filling  the  cavity  with  powdered 


• 

, 


' 


material  or  with  a  liquid  of  known  dielectric  constant,  and  noting  the 
change  in  resonant  frequency. 

This  method  was  not  used,  as  the  second  method  was  much  more 
convenient  for  our  application. 

(2)  Differential  Capacitance  Variation  Method 

In  this  method,  it  is  assumed  that  the  cavity  as  seen  from  the 
diode  junction  can  be  represented  by  a  simple  parallel  resonant  circuit. 
Furthermore,  the  diode  package-  and  bias  circuit  losses  and  reactances 
are  lumped  with  those  of  the  cavity,  as  the  diode  is  mounted  in  the 
actual  physical  structure  of  the  oscillator.  Then,  with  these  assump¬ 
tions  , 


Qo  "  ^o^r/Gr  ...(2.5) 

Qo  and  to0  are  determined  with  the  diode  in  position  and  with 
zero  bias  across  the  diode  (but  with  the  power  supply  switched  on) . 

Now  it  is  possible  to  characterize  the  cavity  so  that  Cr,  Gr,  Lr,  M  and 
Lx  are  known. 

The  apparatus  was  connected  as  shown  in  Fig.  3.1  and  the  diode 
capacitance  was  measured  with  respect  to  an  arbitrary  reference  level 
for  various  bias  voltages.  Later,  resonant  frequencies  of  the  cavity 
corresponding  to  the  same  bias  voltages  were  determined.  Thus  various 
resonant  frequencies  are  known  for  corresponding  measured  decrements  in 
diode  capacitance. 

Substituting  the  measured  values  of  diode  capacitance  C j  j  and 
their  corresponding  resonant  frequencies  f i  into  the  relation 


' 

■ 


13 


the  value  of  Cr  was  determined.  Gr  was  then  calculated  from  Eq .  (2.5) 


and  Lr  obtained  from  Lr  =  l/(u)02Cr)  . 


2 . 3  Procedure  for  the  Evaluation  of  the  Coupling-System  Parameters 

The  equivalent  circuit  for  an  iris-coupled  avalanche  diode 
oscillator  at  the  plane  of  the  iris  is  shown  in  Fig.  2.3.  The  coupling 
iris  is  here  represented  by  a  transformer.  The  transformer,  consisting 
of  the  resonator  inductance  Lr  and  self-inductance  (1^)  of  the  coupling 
iris,  may  be  replaced  by  an  ideal  transformer  of  turns  ratio  (Lr/M)  and 
a  series  secondary  inductance  L2  of  value  L x  C 1  -  M2/L1LX),  as  shown  in 
Fig.  2.4.  Now, 


If  the  Q-value  is  appreciable  then  for  co  in  the  vicinity  of  u)0 


. . . (2.7) 


Therefore,  (see  Figs.  2.4  and  2.5), 


Let 


m  =  M/Lr 


. . . (2.9) 


I* 


' 
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L2  =  Lj(l  -  M2/L1Lr) 


Lr/M  :  1 


FIG.  2.4.  EQUIVALENT  CIRCUIT  FOR  THE  AVALANCHE  DIODE 
OSCILLATOR  OF  FIG.  2.3;  THE  TRANSFORMER  IN 
FIG.  2.3  REPLACED  BY  AN  IDEAL  TRANSFORMER 


AND  A  SERIES  SECONDARY  INDUCTANCE  L2 . 
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a  b 


a  b 


FIG.  2.5.  EQUIVALENT  CIRCUIT  OF  AN  AVALANCHE 


DIODE  OSCILLATOR. 


Then  Eq.  (2.8)  becomes, 
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Z  =  ju)L0  + 


m 


2  Gr (1  +  j  2Q06) 


. . . (2.10) 


where 


6  =  (a)  -  a)0)/a)  ,  is  the  frequency  tuning  parameter. 


Since  VS1VR  measurements  give  the  equivalent  circuit  parameters 
it  is  convenient  to  normalise.  Thus,  Eq.  (2.10)  becomes 


I  -  5fla  _  .^2_  m2/Zp 

Zo  -  Z0  '  JZD  +  Gr(l  +  j 2Q06) 

where  Z0  is  the  characteristic  impedance  of  the  waveguide. 


. . . (2.11) 


In  terms  of  coupling  parameter  3  ,  Eq.  (2.11)  becomes 

zaa  _  -^2.  &i 

Z0  "  :Z0  (1  +  j2Q0 

where 

X2  =  to  L2 

6  =  (to  -  to0)/to  =  frequency  tuning  parameter 
3X  -  m2/GrZ0 


. . .  (2.12) 


. . . (2.13) 


The  plot  of  Eq.  (2.12)  in  the  rectangular  impedance  plane  is 
shown  in  Fig.  2.6(a).  The  circle  is  due  to  the  second  term  in  the  right 
hand  side  of  Eq.  (2.12);  it  represents  the  impedance  of  a  parallel 
resonant  circuit,  with  the  resonant  impedance  BjZq. 

When  the  operating  frequency  is  well  removed  from  resonance, 
the  second  term  in  the  right  hand  side  of  Eq.  (2.12)  becomes  negligible, 
leaving  the  normalised  reactance  (goL2/Z0)  of  the  coupling  transducer 
as  the  terminating  load.  As  a  result  standing  waves  of  large  magnitude 
will  exist  in  the  waveguide  connecting  to  the  oscillator  and  the 
location  of  minima  can  be  determined  experimentally.  For  this  purpose 


' 


V 


' 


’ 
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FIG.  2. 


(a) 


6.  INPUT  IMPEDANCE  OF  RESONATOR,  (a)  THE  INPUT  IMPEDANCE 
REFERRED  TO  PLANE  a-a  NEAR  RESONANT  CAVITY;  (b)  THE 
IMPEDANCE  LOCUS  REFERRED  TO  THE  DETUNED  S1IORI  POSITION. 
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the  position  of  the  voltage  node  for  different  frequencies  was  noted  and 
the  node  shifts  observed  when  the  cavity  was  replaced  by  a  short.  The 
plot  of  these  values  on  a  Smith  chart  gave  values  of  (u)L2/Z0) ,  L2's 
were  then  calculated  and  the  average  value  was  0.557  x  lO^lI.  Thus  L2 
can  be  measured. 

If  the  plane  of  the  "detuned-short"  were  to  be  chosen  as  the 
reference-plane,  the  term  representing  the  self-reactance  of  the 
coupling-system  is  eliminated.  The  cavity,  as  seen  from  the  detuned- 
short  position,  appears  to  be  a  shunt  resonant  circuit.  Let  the  distance 
between  reference  planes  a-a  and  b-b  be  then  the  resonator 

impedance  at  a-a  transformed  to  b-b  is 

Zhh  _  zaa  +  j  ZQtanB£ 

Z0  ”  Z0  +  jZaatanS£  J 

The  location  of  b-b  is  so  chosen  that  when  the  cavity  is 
detuned  the  impedance  at  terminals  b-b  vanishes.  Zaa  =  jX2  when  the 
cavity  is  detuned  or  when  the  measuring  signal  frequency  is  far  off 
resonance.  By  the  conditional  selection  of  the  reference  plane  b-b, 
zbb  =  0  when 

tanB£  =  7  ~  ...(2.15) 

Lo 

or  3£  =  tan-1  •  ...(2.16) 

Lo 

3  when  used  in  relation  to  the  expression  tan3£  represents  the 
’’propagation  constant"  in  the  transmission  line. 

From  Eqs .  (2.12),  (2.14)  and  (2.16),  the  impedance  as  seen 
from  the  detuned  short  position  for  any  value  of  6  transforms  to 
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Zhh _ 3 

Z0  "  1  +  j2Q0(6  -  60) 

where 


. . . (2.17) 

. . . (2.18) 


This  transformed  impedance  is  that  of  a  shunt  circuit  possessing  a 
resonant  impedance  of  3Z0.  The  plot  of  Eq.  (2.17)  in  the  impedance 
plane  is  again  a  circle,  Fig.  2.6(b). 

Recollecting : 


m  =  M/L-, 


-a  a 
^o 


-  jX2  + 


3- 


2  (1  +  J2Q0<5) 


3i  = 


m 


M‘ 


GrZ0  Lr  GrZo 


. . . (2.9) 

. . . (2.12) 


(2.13) 


From  Eq.  (2.17) 


o _ EJ _ 2- 

B  '  1  +  (X,/Z0)2 


. . . (2.19) 


We  know  Cr>  L2  and  f  ,  Q0,  are  measurable  by  standard  methods 


From  the  use  of  3  and  X2  in 


3^0  =  3Z0 


■*(&); 


PjZq  is  calculated.  From  Eq.  (2.13) 


M2  =  (B,Z0)  Lr2Gr 
M  =  CB,Z oy'2  \,r(Qv)h 


Thus  M  is  calculable  and  when  it  is  used  in 


' 


20 


Lx  can  be  computed. 

Thus  all  the  parameters  of  the  equivalent  circuit  can  be 


determined  experimentally. 


CHAPTER  III 


EXPERIMENTAL  DETERMINATION  OF  THE 
OSCILLATOR  EQUIVALENT  CIRCUIT 
AND  THE  ELECTRONIC  ADMITTANCE 

In  this  chapter,  the  experimental  determination  of  the 
resonator  capacitance  Cr  is  described.  Also,  measurements  carried  out 
to  obtain  fQ,  Q0,  3  and  the  consequent  computation  of  Gr,  Lr,  M  and  L1 
are  explained.  Finally,  the  procedure  used  for  obtaining  the  small- 
signal  electronic  admittance  from  circuit  admittance  plots  at  different 
bias  voltages  is  described. 

3.1  Measurement  of  Resonator  Capacitance 

The  experimental  set-up  of  Fig.  3.1  was  used  to  determine  the 
change  in  capacitance  with  bias  voltage.  External  bias  was  superimposed 
on  a  1MHz  15mV  test  signal  from  a  Boonton  Capacitance  Bridge.  The 
capacitance  change  of  the  avalanche  diode  oscillator  (ADO)  was  measured 
by  comparing  this  with  a  25pF  capacitor.  To  obtain  the  resonator 
capacitance  by  the  use  of  Eq.  (2.6),  change  in  diode  capacitance  with 
voltage  is  required.  The  bridge  was  balanced  with  the  ADO  (in  the  cold- 
state)  and  a  25pF  capacitor  connected  across  its  "DIFF"  and  "TEST" 
terminals  respectively,  and  capacitance  readings  were  taken  for  different 
bias  voltages.  With  a  change  in  the  value  of  bias  voltage,  the  diode 
capacitance  changes  but  because  the  25pF  capacitance  (across  "TEST" 
terminals)  is  unvarying,  a  decrease  in  the  diode  capacitance  shows  up  on 
the  meter.  Since  the  capacitance  measurements  were  in  the  low  pF  range 
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HARRISON 
MODEL  6207B 
POWER  SUPPLY 


ADO: 

B: 

C: 

CM: 

D: 


AVALANCHE  DIODE  OSCILLATOR 

BOONTON  CAPACITANCE  BRIDGE 
(MODEL  71 A) 

25pF  CAPACITOR 

CAPACITANCE  METER 

DIFFERENTIAL  CAPACITANCE  TERM. 

REAR  TERMINALS  FOR  EXTERNAL 
BIAS 


R.T. 


FIG.  3.1.  EXPERIMENTAL  SET-UP  FOR  MEASURING  THE  CHANGE  IN 


CAPACITANCE  OF  ADO  WITH  BIAS  VOLTAGE. 
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it  is  necessary  to  shield  the  circuit.  Suitable  shielding  was  provided 
by  a  tin-foil  box,  in  order  that  the  results  become  reproducible. 

The  following  procedure  was  followed  in  the  measurements: 

(1)  The  above  arrangement  was  set  up,  dc  supply  was  switched 
on  but  zero  voltage  was  maintained. 

(2)  The  capacitance  bridge  was  balanced. 

(3)  The  bias  current  was  increased  in  steps  of  0.5V  and  the 
corresponding  capacitance  was  noted. 

A  plot  of  capacitance  change,  C,  versus  bias  voltage  (with  zero 
bias  as  reference)  is  shown  in  Fig.  3.2.  De  Loach14  showed  that 
capacitance  measured  above  may  be  used  in  Eq.  (2.6). 

In  Fig.  3.2  a  curve  of  resonant  frequency  versus  bias  voltage 
is  also  shown.  This  curve  was  obtained  with  the  set-up  illustrated  in 
Fig.  3.3.  For  a  fixed  value  of  bias  voltage  the  VSWR  in  the  waveguide 
was  measured  at  different  frequencies  with  a  signal  incident  on  the 
resonator.  These  data  yield  a  curve  of  VSWR  vs  frequency;  the 
frequency  corresponding  to  the  lowest  VSWR  is  the  resonant  frequency. 
This  measurement  was  repeated  for  various  bias  voltages;  the  data,  when 
plotted,  give  a  curve  of  resonant  frequency  versus  bias  voltage. 

Fig.  3.2.  Values  of  Cj ,  i.e.  C j 1 ,  C  j  2 ,  etc.  for  voltages  V1 ,  V2 ,  etc. 
respectively,  and  corresponding  values  of  f 1 ,  f 2 ,  etc.  were  observed. 

The  values  of  bias  voltage,  change  in  diode  capacitance  and  resonant 
frequency  of  the  circuit  are  shown  in  Table  3.1. 

Four  values  of  resonator  capacitance  Cr  were  calculated  by  the 
use  of  Eq.  (2.6)  by  using  combinations  of  readings  of  Table  3.1. 
Measurements  1  and  5,  2  and  6,  etc.  were  used  and  the  results  averaged 
giving  Cr  =  6.24pF. 
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FIG.  3.2. 

CHANGE  OF  DIODE  CAPACITANCE  AND  OF  CIRCUIT 
RESONANT  FREQUENCY  WITH  BIAS  VOLTAGE 
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FIG.  3.3CIRCUIT  USE  FOR  COLD- TESTS  ON  AVALANCHE  DIODE  OSCILLATOR 


TABLE  3 . 1 


CHANGE  OF  DIODE  CAPACITANCE  AND  OF  CIRCUIT  RESONANT 


FREQUENCY  WITH 

BIAS  VOLTAGE 

Measurement 

Number 

Bias  Voltage 
(volts) 

Change  in 

Capacitance 
(pF) 

Frequency 

(GHz) 

1 

0.25 

0.171 

8.522 

2 

0.50 

0.277 

8.570 

3 

0.75 

0.354 

8.621 

4 

1.00 

0.415 

8.665 

5 

1.25 

0.463 

8.705 

6 

1.50 

0.505 

8.737 

7 

1.75 

0.542 

8.764 

8 

2.00 

0.570 

8.783 
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3 . 2  Measurement  of  Qn 

Many  different  techniques  are  available  for  experimentally 
determining  the  Q-value  of  a  resonator;  they  may  be  grouped  as15 

(1)  Transmission  Method 

(2)  Impedance  Measurement 

(3)  Transient  Decay  or  Decrement  Method 

(4)  Dynamic  Method. 

In  the  first  method  the  cavity  is  employed  as  a  transmission 
device;  this  method  is  precluded  in  our  case,  as  the  resonator  under 
study  is  a  one-port  device. 

The  second  method  consists  of  an  observation  of  the  variation 
in  resonator  impedance  as  a  function  of  frequency.  If  a  cavity  impedance 
is  measured  as  a  function  of  frequency,  the  impedance  locus  is  a  circle 
if  referred  to  the  plane  of  the  detuned-short ,  and  a  straight  line  if 
referred  to  the  plane  of  the  detuned-open.  Fig.  3.4.  From  these  data 
the  values  of  unloaded  Q,  Q0  can  be  found.  It  is  also  possible  to 
determine  the  resonator  parameters  from  the  VSWR  measurements  if  the 
degree  of  coupling  of  the  cavity  to  waveguide  is  known.  A  graph  of 
VSWR  versus  frequency  was  used  to  determine  the  value  of  Q0 . 

The  decrement  method  is  suitable  for  cavities  of  high  Q-value 
where  it  overcomes  the  need  for  a  highly  stable  oscillator,  but  for 
cavities  with  low  Q-values,  as  was  the  case  for  the  one  under 
observation,  the  decay  period  is  too  short  for  convenient  measurement. 

The  solid-line  section  of  Fig.  3.3  was  the  set-up  used  to 
perform  "cold-tests"  on  the  resonator.  "The  Impedance  Method"15  was 
used  to  determine  the  resonator  parameters.  The  cavity  (housing  the 
diode)  under  study  was  connected  to  the  generator  through  a  directional 
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(b) 


c  b 


FIG.  3.4.  PARALLEL  AND  SERIES  EQUIVALENT  REPRESENTATION  OF  A  RESONANT 
CAVITY:  THE  EQUIVALENT  IMPEDANCE  REFERRED  TO  (a)  THE  PLANE 
OF  DETUNED  SHORT,  (b)  THE  PLANE  OF  DETUNED  OPEN  WITH 


ACCOMPANYING  IMPEDANCE  PLANE  PLOTS. 


29 


coupler,  an  attenuator  (acting  as  a  pad  arid  level  control)  and  a 
slotted-line .  The  directional  coupler  samples  the  incident  wave  for 
frequency  and  power  measurement.  The  detector  output  goes  from  the 
slotted-line  to  a  VSWR  indicator. 


To  determine  the  value  of  Q0,  the  bias  voltage  of  the  diode 


was  reduced  to  zero.  Then  VSWR  and  position  of  minimum  were  noted  for 
incident  signals  of  different  frequencies.  The  position  of  the  voltage 
node,  in  the  waveguide,  was  plotted  as  a  function  of  frequency, 

Fig.  3.5(a);  there  was  a  steady  shift  of  nodal  position  toward  the  load 
with  increasing  frequencies,  hence  the  cavity  is  overcoupled  to  the 
transmission  line16.  If  the  cavity  were  undercoupled,  the  curve  of 
nodal  shift  versus  frequency  would  be  as  shown  in  Fig.  3.5(b).  The 
measured  values  of  VSWR  were  plotted  as  a  function  of  frequency,  see 
Fig.  3.6.  The  minimum  value  of  VSWR  (=26)  gives  the  value  of  coupling 
coefficient  $.  Moreover  the  frequency  corresponding  to  this  minimum 
VSWR  is  the  resonance  frequency  of  the  cavity.  The  half  power  points 
(r^)0  were  found  analytically  by  using  Eq.  (3.1)15, 


2  +  32  +  /4  +  3^ 
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. . . (3.1) 


where 


3  =  coefficient  of  coupling. 


By  drawing  a  line  parallel  to  the  horizontal  axis  at  a  VSWR  =  (r^)D 
=  26.04,  in  Fig.  3.6  half  power  frequencies  fj  and  f2  were  obtained, 
these  were  8.456  GHz  and  8.484  GHz  respectively. 


The  value  of  Q0  was  then  computed  from: 


Qo  "  (f2  -  fi)  "  (8.484  -  8.456) 


8.470 


306 


. . . (3.2) 
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FIG.  3.5(a).  VARIATION  IN  POSITION  OF  MINIMUM  AROUND  RESONANT  FREQUENCY. 
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FIG .  3.5(b).  VARIATION  IN  POSITION  OF  MINIMUM  AROUND  RESONANT 


FREQUENCY  FOR  AN  UNDERCOUPLED  CAVITY. 
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FIG.  3.6.  VARIATION  IN  VSWR  AROUND  RESONANT  FREQUENCY  OF  CAVITY. 


where 

Q0  =  unloaded  Q  of  cavity 
fQ  =  resonant  frequency  of  cavity 
=  8.470  GHz. 
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Also,  Cr  =  6.24  pF . 

Knowing  these  values  and  following  the  procedure  outlined  in 
Ch .  2,  values  of  Lr,  Gr,  L1,  L2  and  M  were  computed.  The  numerical 
values  of  the  different  parameters  are: 
f0  =  8.470  GHz 
Q0  =  306 


Cr  ~ 

6. 

24  x 

10"12 

Gr  = 

0. 

0011 

mhos 

Lr  = 

56 

.5  x 

10'12 

Li  = 

-t 

1  . 

22  x 

10  "9 

Lz  = 

0. 

557  x 

10~9 

M  = 

0. 

194  x 

10'9 

3  =  26. 


VSWR  versus  frequency  curves  were  plotted  for  different  bias 
voltages  (see  Fig.  3.7).  These  curves  indicate  that  the  Q-value  of  the 
diode  and  the  resonant  frequency  of  the  circuit  increase  with  increasing 
bias  voltage.  Also,  the  resonant  frequency  of  the  oscillator  increases 
with  bias  voltage,  Fig.  3.8. 

The  input  impedance  of  the  diode  was  measured  for  voltages  less 
than  the  threshold  voltage;  two  of  the  plots  are  shown  in  Fig.  3.9. 

These  plots  show  that  the  behaviour  is  that  of  a  double-tuned  circuit 
and  that  the  diode  admittance  plays  an  increasingly  predominant  role 
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FIG.  3.7.  VSWR  VS  FREQUENCY  FOR  DIFFERENT  BIAS  VOLTAGES 
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FIG. 3.8.  RESONANT  FREQUENCY  VS  BIAS  VOLTAGE 
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FIGURE  3.9.  CIRCUIT  ADMITTANCE  FOR  TWO  BIAS  VOLTAGES 
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with  increasing  bias  voltage. 

3 . 3  Procedure  to  Compute  Electronic  Admittance  Below  the 

Threshold  Voltage 

(1)  From  curves  similar  to  Fig.  3.9,  the  normalised  circuit 
conductance  Gx  and  normalised  resistance  R}  at  the  resonant  frequency- 
point  was  noted.  This  conductance  was  with  respect  to  the  detuned-short 
position.  Thus,  (refer  to  Fig.  2.5) 


is  known. 


where 


(2)  From  Figs.  3.10(a)  and  (b) , 


Ytot  ^e  +  ^r  an^  ztot 


Y_  =  the  electronic  admittance 

V 

Yr  =  the  resonator  admittance. 


(3) 


(Zbb/zo)  was  transformed  to  the  plane  of  iris,  which  gave: 


laa.  _ 

;o 


(Zbb/Zo)  +  j  tan (-B&) 

1  +  j(Zbb/Z0)tan(-e£) 


. . .  (3.3) 


For  convenience,  let 


Re 


iaa 

'o 


=  (R2) 


.(3.4) 


*aa 

^o 


Im 


=  (X2). 


.  .  .(3.5) 


, 
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FIG.  3.10.  TRANSFORMATION  OF  Zt£)t 
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Then  because 


7-7  15 

Lo  ~  LM yl 


JV,I 


where 


(R2)  +  j  (X2) 


7Tb 


ZtntM' 


■  *■*.,  +( Tfi 


•V,I  -  2a  x  377(  1  -  2? 


XJ  V’s 


(3.6) 


From  Eq.  (3.6), 


Ztot  =  (i^)Yzv,i(R2)  +  j 


ZVji(X2)  -  toL 2 


(3.7) 


The  values  of  0),  L2,  (R2)  and  (X2)  were  known  so  Z^0^.  could  be  computed 
Then, 


1 


Ytot  Ztot  ~  ^tot  +  JBtot) 


. . . (3.8) 


Re  Ytot  ~  ^r  +  Ge 


^tot  ^r  + 


. . . (3.9) 
. . . (3.10) 


As  Gr  and  Br  were  both  known,  it  was  possible  to  compute  Ge  and 


A  graph  of  Yel,  electronic  admittance,  in  the  pre-breakdown 
region,  is  shown  in  Fig.  3.11.  The  value  of  electronic  conductance 
Gei  and  electronic  susceptance  Bei  decrease  with  increasing  bias 
voltage.  The  electronic  conductance  Gei  approaches  zero  near  the 
breakdown  voltage.  The  value  of  the  electronic  susceptance  near 
breakdown  is  quite  close  to  the  value  of  large-signal  susceptance 


obtained  later  on. 


e i  (MHOS) 
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FIG.  3.11.  SMALL-SIGNAL  ELECTRONIC  ADMITTANCE 
Yei  vs  BIAS  VOLTAGE  (V<Vb) . 


CHAPTER  IV 


RIEKE  DIAGRAMS 

Many  microwave  oscillators  consist  of  an  electronic  current 
interacting  with  the  fields  within  a  resonant  cavity.  In  solid-state 
microwave  oscillators,  semiconductor  devices  like  IMPATT  and  Gunn  diodes 
are  generally  housed  in  microwave  cavities.  The  oscillator  output  is 
coupled  to  the  load  through  an  output  transducer;  the  value  of  the  load 
affects  the  operation  of  the  oscillator.  In  this  chapter,  the  theory 
of  loading,  which  can  be  displayed  graphically  by  Rieke  diagram  is 
studied . 

4.1  The  Oscillator  Circuit17,18 

An  equivalent  circuit  representation  of  a  microwave  oscillator 
is  shown  in  Fig.  2.1,  where  the  parallel  resonant  circuits  represent  its 
various  modes  of  operation.  Because  a  microwave  oscillator  is  designed 
to  operate  in  a  single  mode  for  stable  performance,  the  effect  of  all 
other  modes,  shown  in  the  equivalent  circuit  of  Fig.  2.1,  will  be 
minimal  and  may  thus  be  normally  neglected.  The  coupling  transducer 
acts  as  an  impedance  transformer  .  The  load  transformed  through  the 
transducer,  with  the  impedance  transforming  characteristic  kc(=Lr/M)  is 
kc(G*.  +  jB^).  This  then  is  the  loading  on  the  principal  mode  of  the 
oscillator.  By  the  use  of  these  two  simplifications,  the  circuit  of 
Fig.  2.1  reduces  to  that  of  Fig.  4.1. 


FIG.  4.1.  SIMPLIFIED  EQUIVALENT  CIRCUIT  OF  OSCILLATOR. 


^•2  Properties  of  a  Self-Excited  Oscillator  as  a 


43 


Function  of  Load17>  19>  20 

If  (Ge  +  j  Be)  is  the  electronic  admittance  at  terminals  t-t, 
then  under  equilibrium  conditions,  that  is  for  steady  state  cw 
oscillations : 


or 


or 


where 


(Ge  +  jBe)  +  Gr  +  j 

-  (Ge  +  jBe)  =  Gr  + 

-(Ge  +  jBe)  _  1  | 

wo^r  Qo 


=  0 


030 


_1 _ 

/LrCr 


Qo 


WpCr 

Gr 


...(4.1) 


...(4.2) 

.  .  .  (4.3) 

...(4.4) 


and  03,  is  the  angular  frequency  of  oscillation. 

Separating  Eq.  (4.2)  into  real  and  imaginary  parts  yields: 


-  Ge  _  1 _  +  hcG^ 

wo^r  Qo  wo^r 


.  .  .  (4.5) 


-  Be 
030Cr 


.  .  .  (4.6) 


The  charge-carriers  interact  with  the  electromagnetic  field 
within  the  resonator  and  transfer  energy  to  them.  One  part  of  this 
energy  helps  maintain  high  fields  in  the  resonator.  Appreciable  energy 
is  stored  in  the  cavity  and  as  a  result  the  cavity  basically  establishes 
the  frequency  of  operation.  However,  the  other  part  of  the  energy  is 
fed  through  a  coupling  circuit  to  the  load.  The  behaviour  of  the 


, 
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oscillator  can  thus  be  expected  to  be  affected  by  the  load  impedance. 

Eq .  (4.5)  and  (4.6)  show  the  operational  dependence  of  the 
oscillator  upon  the  load.  Eq.  (4.5)  shows  that  G£,  the  load  conductance 
affects  electronic  conductance  Ge,  and  consequently  the  rf  voltage  Vrf, 
the  electronic  power  Pe£,  and  the  circuit  efficiency,  and  eventually 
the  output  power.  The  output  power  increases  from  zero  to  a  maximum 
value  and  then  decreases  to  zero  again  as  G£  increases  from  zero  to 
infinity.  That  is,  when  G^  =  0,  circuit  efficiency  vanishes  although 
rf  voltage  developed  would  be  high.  At  the  other  extreme  G^  =  00  and 
rf  voltage  falls  to  zero,  thus  the  two  nulls  of  power. 


From  Eq.  (4.6) 


~Be  _  kcB&  _ 


co0Cr 


Eq.  (4.7)  shows  that,  for  a  given  G&,  the  frequency  is  determined  by  B^. 
The  value  of  load  conductance  G£  fixes  Be  and  from  Eq.(4.7)  this 
determines  the  frequency  for  a  purely  resistive  load,  i.e.  when  B^  =  0. 
The  relative  frequency  deviation 


.  .  .  (4.8) 


is  inversely  proportional  to  (coQCr/kc)  and  is  caused  by  changes  in  B^. 
The  operating  equations  of  an  oscillator,  as  derived  above,  may  be 
plotted  as  curves  of  constant  power,  and  constant  frequency,  in  an 
admittance  plane,  in  which  G£  and  B£  are  plotted  as  abscissa  and 
ordinate,  respectively.  This  information  of  power  output  and  electronic 
tuning  range  as  functions  of  load  impedance  is  called  the  Rieke 
diagram.  Ideally,  constant  power  curves  are  lines  parallel  to  the  B^ 


axis,  and  the  constant  frequency  contours  are  all  parallel  to  the  curve 
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corresponding  to  w  =  wQ  and  are  vertically  displaced  from  it.  That 
particular  contour  is  obtained  by  the  simultaneous  solution  of  the  two 
equations 


G  0  ^ k^Gj^ 

wocr  Qo  +  w0Cr  ...  (4 .9) 


and 


Be  _  kcB&  _  q 
WoCr  w0Cr 


.  .  .  (4.10) 


As  pointed  out  earlier,  each  value  of  G#,  yields  a  value  of  Ge;  this 
gives  corresponding  Vrp  and  subsequently  Be  and  B£.  The  above  equations 
may  be  rewritten  as: 


.  .  .  (4.11) 


and 


.  .  .  (4.12) 


These  equations  show  that  the  curve  of  B&  vs  G^  is  similar  to  that  of 

-Be  vs  -Ge  ,  except  for  a  change  of  scale  given  by  the  factor  kc  and 

horizontal  displacement  given  by  the  term  -  — .  In  practice  a 

Qo 

sufficiently  accurate  approximation  to  this  is  a  straight  line  which,  in 
general,  is  not  horizontal.  The  constant  frequency  curves  are  then  a 
family  of  parallel  straight  lines  which  are  not  horizontal.  The  ideal 
Rieke  diagram  in  the  B£-G£  plane  is  shown  in  Fig.  4.2. 

If  a  transmission  line  of  characteristic  impedance  Z0  is 
terminated  with  a  load  impedance  Zp,  the  normalized  impedance  is 


Zl  _  1 

Zo  (Gj,  +  ' 


Z 


...(4.13) 
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FIG.  4.2.  IDEAL  RIEKE  DIAGRAM  IN  B  -  G  PLANE 
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Reflection  coefficient,  namely  p  is  given  by 


P  = 


Zl  ~  zo 

Zl  +  z0 


or 


P 


z  -  1 
z  +  1 


...(4.14) 

.  .  .  (4.15) 


Eq.  (4.15)  is  a  bilinear  or  fractional  linear  transformation  expressing 
the  relation  between  the  variable  p  and  z,  and  is  a  conformal 
transformation:  that  is,  angles  of  intersection  between  p  and  z  curves 
in  the  z-plane  are  preserved  in  the  p-plane.  Such  a  transformation  also 
possesses  the  property  that  circles  in  the  z-plane  are  mapped  into 
circles  in  the  p-plane,  whereby  circles  of  infinite  radius  are  included, 
which  are  straight  lines. 

The  contours  of  constant  conductance  and  susceptance  in  the 
complex  admittance  plane  are  a  set  of  orthogonal  circles.  Thus,  in  the 
reflection  coefficient  plane  they  represent  a  similar  set,  Fig.  4.3. 
Multiplication  of  Eq.  (4.7)  by  the  factor  o)0CrVpf  ,  gives 


-GeVjf  =  GrVjf  +  kcG£Vjf 

...(4.16) 

or 

P  =  PD  +  Po 

...(4.17) 

where 

P  =  power  generated 

PD  =  power  loss  in  cavity 

Pq  =  power  output  to  load. 

From  Eq.  (4.7)  and  Ge  =  f(Vrf)  it  is  seen  that  for  constant  Gfc,  both  Ge 
and  Vrf  are  also  constant.  Therefore  constant  G&  implies  constant 
power.  Consequently,  with  the  assumption  that  Ge  is  independent  of 
frequency,  constant-power  contours  will  coincide  with  constant- 


' 


48 


conductance  curves  of  the  Smith  chart.  As  for  any  value  of  power  less 
than  maximum,  there  are  two  values  of  load  conductance,  the  theoretical 
power  curves  are  in  general  crescent  shaped  closed  curves. 

From  Eq.  (4.8),  co,  the  frequency  of  oscillation,  is  given  by: 


co 


...(4.18) 


When  G£,  the  load  conductance  is  constant,  and  electronic  susceptance 
Be  is  independent  of  the  frequency  of  oscillation,  Eq.  (4.18)  is  of  the 
form : 


w  =  ko  -  kiB£  ...(4.19) 

where  kQ  and  kj  are  constants.  Thus,  each  intersection  of  a  constant 
frequency  curve  with  a  conductance  circle  leads  to  a  unique  value  of 
B£.  If  the  coefficients  kQ  and  kx  are  independent  of  G^,  then  the 
intersection  on  any  G^  circle  would  correspond  to  the  same  value  of  B^, 
thus,  constant-frequency  loci  would  coincide  with  constant-susceptance 
circles  on  the  Smith  chart.  However,  because  the  electronic  susceptance 
B0  does  change  with  the  load  conductance,  the  constant-frequency 
contours  are  distorted  and  diverge  slightly  from  the  B  circles.  The 
magnitude  of  the  angle  which  constant  frequency  contours  make  with 
constant-susceptance  circles  is  a  function  of  the  nonlinear  electronic 
behaviour  of  the  diode.  All  constant  power  curves  ideally  pass  through 
the  point  of  infinite  admittance,  in  the  reflection  coefficient  plane 
they  will  be  circles  tangent  to  the  unit  circle  at  the  point  of 
infinite  admittance.  The  constant  frequency  curves  pass  through  this 
point  also  but,  at  a  different  angle.  The  ideal  Rieke  diagram  in 
circle-diagram-form  is  shown  in  Fig.  4.3  for  the  same  oscillator  as 
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FIG.  4.3.  IDEAL  RIEKE  DIAGRAM  IN  CIRCLE-DIAGRAM  FORM 


FOR  THE  SAME  OSCILLATOR  AS  IN  FIG.  4.2. 
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used  for  Fig.  4.2.  This  diagram  is  derived  on  the  assumption  that  the 
load  is  located  at  the  plane  of  the  detuned-short  in  the  output  line. 

The  plane  of  the  detuned-short  is  a  function  of  frequency  and  is  an 
integral  number  of  half-wavelengths  from  the  resonator.  If  the  Rieke 
diagram  is  taken  across  a  fixed  plane  at  a  point  beyond  the  device 
terminals,  the  constant  frequency  curves  will  depart  even  further  from 
the  constant-susceptance  circles.  The  angle  through  which  any  curve  is 
rotated  depends  on  the  different  electrical  distances  of  the  plane  of 
reference  from  the  plane  of  the  detuned-short,  as  shown  in  Fig.  4.4. 

The  result  is  that  the  frequency  curves  cross  near  a  point  inside  the 
unit  circle. 

Rieke  diagrams  constructed  from  experimental  data  depart  from 
the  ideal  form  due  to  one  or  more  of  the  above  and  the  following 
reasons : 

(1)  The  varying  reactance  coupled  into  the  oscillator  may 
affect  the  electronic  properties  of  diode  by  distorting 
the  pattern  of  electric  fields  in  the  cavity  and  these 
effects  may  give  rise  to  kidney-shaped  curves. 

(2)  The  measurement  of  power  is  likely  to  be  in  error,  as  the 
standing  wave  ratio  increases,  particularly  if  the  power 
lost  in  the  standing  wave  detector  or  reflectometer  is  not 
taken  into  account. 

(3)  If  the  lead  used  in  the  experiment  is  resonant,  some  of 
the  regions  of  Rieke  diagram  cannot  be  explored.  This  is 
because  the  load  is  a  rapidly  varying  function  of 
frequency  and  the  stability  conditions  are  critical. 


' 


51 


FIG.  4.4.  ACTUAL  RIEKE  DIAGRAM. 


CHAPTER  V 


REFLECTOMETER  BRIDGE  SET-UP, 

DETERMINATION  OF  RIEKE  DIAGRAM 
AND  OF  ELECTRONIC  ADMITTANCE 

A  ref lectometer  arrangement  was  employed  for  the  measurement 
of  load  admittance,  as  shown  in  Fig.  5.1.  Initially,  a  slotted-line 
technique  was  used  for  the  measurements,  but  this  method  was  discarded 
due  to  difficulties  posed  by  the  high  sensitivity  of  the  oscillator 
power  and  frequency  to  the  movement  of  the  slotted  line  carriage  and 
by  the  difficulty  of  accurately  measuring  very  low  and  very  high  VSIVR' s 
in  this  way.  Moreover,  with  a  slotted  line  it  is  necessary  to  use  a 
sensitive  galvanometer  as  the  indicator  of  VSIVR  (if  no  modulation  is 
used).  Even  a  small  drift  in  the  zero  of  the  instrument  would  introduce 
a  large  error  in  the  computed  VSIVR.  The  effect  of  source  amplitude 
instability,  which  is  serious  when  a  slotted  section  is  used,  has  been 
eliminated  by  a  closed-loop  measuring  technique.  Also,  the  source 
mismatch  wrhich  can  cause  serious  errors  in  the  measurement  of  very  low 
values  of  VSIVR  with  a  slotted  line  is  not  nearly  as  critical  in 
ref lectometer  measurements. 

5 . 1  The  Ref lectometer  Bridge 

The  ref lectometer  arrangement  may  be  employed  for  the 
measurement  of  an  unknown  load  in  general  and  the  load  presented  to  an 
oscillator  in  particular.  The  ref lectometer  arrangement  used  for  the 
measurement  of  electronic  admittance  is  shown  in  Fig.  5.1.  In  this 
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REFLECTOMETER  BRIDGE  SET-UP  FOR  DETERMINING  THE  EFFECT 
OF  LOAD  ADMITTANCE  ON  OSCILLATOR  BEHAVIOUR 
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set-up,  samples  of  incident  and  reflected  waves  are  taken  and  compared, 
yielding  both  the  magnitude  and  the  phase  of  reflection  coefficient. 
Mathematically, 


where  E^  and  Er  are  the  electric  field  vectors  associated  with  the 
incident  and  reflected  waves  from  the  load,  and  p  is  the  reflection 
coefficient.  That  is,  p  at  a  particular  reference  plane  can  be 
determined  by  obtaining  the  ratio  of  the  amplitudes  of  E^  and  Er  and  the 
phase-difference  between  them  at  that  reference  plane.  The  microwave 
bridge  reflectometer  shown  in  Fig.  5.1  makes  possible  the  evaluation  of 
p,  at  reference  plane  RP,  by  giving  a  measurable  relation  between  Ej_  and 
Er,  and  the  phase  angle  between  them. 

In  Fig.  5.2  is  shown  a  simple  reflectometer,  using  two 
directional  couplers  to  sample  the  incident  and  reflected  wave, 
respectively.  Alternatively,  a  single  dual-directional  coupler  could 
be  used.  Also,  two  detectors  of  known  response  law  with  accompanying 
amplifiers  are  required.  To  calibrate  this  set-up,  a  short-circuit  is 
placed  at  the  load  terminals  and  the  amplifiers  are  adjusted  for  equal 
indications.  To  measure  the  unknown  load,  it  is  connected  in  place  of 
the  short,  then  the  ratio  of  the  two  indications  gives  the  magnitude  of 
the  reflection  coefficient. 

The  above  method  does  not  give  any  information  about  phase  of 
the  reflection  coefficient.  By  certain  circuit  modifications,  however, 
it  is  possible  to  obtain  this  information  also.  One  method  of  getting 
the  phase-information  is  to  form  a  closed  loop  in  the  incident  and 
reflected  signal  channels  and  include  a  hybrid  ring  or  a  magic-T  in  it. 
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FIG.  5.2. 


THE  MICROWAVE  REFLECTOMETER.  D  AND  R  ARE  DIRECTIONAL 
COUPLERS  TO  SAMPLE  INCIDENT  AND  REFLECTED  WAVES, 


RESPECTIVELY. 
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One  simple  set-up  is  shown  in  Fig.  5.321.  Here,  one  arm  of  the  hybrid 
ring  gives  the  sum  of  the  incident  and  reflected  wave  signals,  and  the 
other  theii  difference.  Thus,  the  phase  shifter  needs  to  have  a  range 
of  only  180°  to  obtain  minimum  indication.  The  incident  and  reflected 
signals  are  sampled  by  arms  3  and  4.  The  phase-shifter  and  attenuator 
are  adjusted  to  give  minimum  detector  output.  The  measured  attenuation 
is  proportional  to  the  reflection  coefficient.  It  is  possible  to  obtain 
the  phase  information  because  the  signals  are  compared  before  the  phase 
is  lost  in  detection.  The  main  source  of  error  is  the  variation  of 
signal  phase-shift  in  arm  3  and  of  signal  attenuation  in  arm  4  produced 
by  attenuator  and  phase-shifter  settings  respectively.  Also,  the  noise- 
level  is  a  limitation  when  the  unknown  is  a  nearly  matched  termination. 
Another  source  of  error  is  the  finite  directivity  of  the  directional 
couplers,  but  it  is  possible  to  incorporate  compensation  whereby 
imperfect  performance  of  directional  couplers  can  be  partly 
eliminated2 1 ' 2  2 . 

However,  for  the  actual  measurement  set-up  (Fig.  5.1)  the 
arrangement  of  Fig.  5.3  was  modified  to  include  two  directional  couplers 
that  help  isolate  the  reverse  and  forward  signals.  In  addition,  the 
circuit  elements  were  arranged  such  that  the  phase  and  attenuation 
measurements  could  be  made  independently.  The  magnitude  of  reflection 
coefficient  was  obtained  by  the  comparison  of  reflected  voltage  with 
incident  voltage,  quantities  which  are  generally  of  dissimilar  magnitude. 
The  ref lectometer  arrangement  of  Fig.  5.3,  on  the  other  hand,  compares 
(incident  voltage  +  reflected  voltage)  with  (incident  voltage  -  reflected 
voltage)  which,  for  small  reflections,  are  comparable  in  magnitude. 


' 
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HYBRID-RING 


FIG.  5.3.  REFLECTOMETER  ARRANGEMENT  WITH  HYBRID-RING. 
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5.2  Measurement  Circuit  Used 

In  the  circuit  used  for  measurement  of  load  impedance 
(Fig.  5.1),  two  lOdB  directional  couplers  of  directivity  greater  than 
40dB  were  attached  to  the  oscillator  output,  one  in  the  forward,  and  the 
other  in  the  reverse  direction.  The  sampling  ports  were  connected  to 
isolators  (minimum  isolation  30dB)  to  enhance  the  isolation  of  the  main 
transmission  line  from  the  "comparison"  and  "detection"  systems.  A 
precision  attenuator  (hp  X382A)  and  a  precision  phase-shifter  (hp  X885A) 
were  connected  in  the  incident  and  reflected  signal  arms  of  the  bridge, 
respectively. 

The  sampled  signals  were  fed  into  conjugate  arms  3  and  4  of  a 
magic-T.  Port  1  of  the  magic-T  was  connected  to  a  detector  and  port  2  to 
a  matched  termination.  Power  fed  from  port  3  or  port  4  divides  equally 
into  arms  1  and  2.  The  reflected  signal  from  the  unknown  load  is  fed 
into  port  4,  one  half  of  the  energy  going  to  port  2,  where  it  is 
completely  absorbed  by  a  matched  load,  the  other  half  going  into  arm  1, 
where  it  combines  with  half  of  the  incident  signal  applied  to  port  3.  If 
the  phase-shifter  preceding  the  input  to  arm  4  is  adjusted  to  bring  the 
signal  samples  into  phase-opposition,  the  indicator  connected  to  the 
output  detector  will  show  a  minimum.  Thus,  after  appropriate  calibration 
of  this  set-up,  the  phase-information  can  be  extracted. 

This  arrangement  makes  the  determination  of  the  phase-angle  of 
the  reflection  coefficient  independent  of  the  characteristics  of  the 
crystal  detector. 

To  find  p,  the  magnitude  of  reflection  coefficient,  the  incident 
wave  sample  and  the  reflected  wave  sample  are  compared.  The  reflected 
wave  is  channelled  to  4'  and  thence  to  a  crystal  detector  (switched  to 
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4"),  whose  output  is  connected  to  a  micro-ammeter  (switched  to  position 
M) >  the  indication  is  noted.  Then  switch  positions  are  changed  such 
that  the  incident  wave  via  attenuator,  3',  3"  and  crystal  detector  also 
goes  to  the  micro-ammeter  (switched  to  position  M)  .  The  precision 
attenuator  is  adjusted  to  give  the  same  indication  on  the  micro-ammeter 
as  that  already  obtained  for  the  reflected  wave.  In  the  calibration 
procedure  that  follows,  it  is  shown  how  the  above  readings  were  used  to 
compute  p  and  <J),  where  the  reflection  coefficient  is  p  =  pe^.  Again 
the  crystal  detector  is  only  used  to  compare  the  two  signals  and  its 
absolute  response  is  of  no  great  consequence,  i.e.  the  deviations  from 
the  square  law  response  do  not  significantly  effect  the  results. 

The  main  transmission  line  of  the  ref lectometer  bridge  was 
connected  to  a  matched  termination  which  was  preceded  by  a  slide-screw 
tuner  (DBG-919)  ,  by  means  of  which  the  magnitude  and  phase  angle  of  the 
impedance  seen  by  the  oscillator  could  be  varied.  The  power  dissipated 
in  the  matched  termination  and  the  frequency  of  the  signal  were 
determined  by  sampling  the  signal  through  a  directional  coupler.  The 
sampled  signal  was  split  to  feed  a  power  meter  and  an  electronic  counter. 
A  wavemeter  was  used  to  check  the  frequencies  for  the  case  where  the 
generator  gave,  simultaneously,  multiple  frequencies  instead  of  a  single 
frequency. 

5 . 3  Calibration  and  Testing  of  Ref lectometer  Bridge 

A  microwave  ref lectometer  bridge  technique  was  employed  to 
measure  the  load  admittance  presented  to  the  oscillator.  First,  it  is 
necessary  to  calibrate  the  bridge  set-up.  After  calibration,  the 
impedance  was  readily  obtained  by  plotting  the  obtained  data  on  a  Smith 
chart.  The  measurement  accuracy  is  primarily  dependent  upon  the 
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properties  of  the  components  used  in  the  construction  of  the  bridge 
circuit;  it  is  independent  of  signal-level  and  of  detector  response  law. 

Impedance  measurements  at  low  frequencies  are  made  by 
comparison  of  the  unknown  impedance  against  a  standard  impedance.  At 
low  rf,  suitable  impedance  standards  can  be  readily  designed;  however, 
with  increasing  frequency,  this  becomes  more  and  more  difficult;  accurate 
microwave  impedance  standards  are  not  readily  available.  Pure  reactive 
loads  can  be  simulated  by  appropriate  lengths  of  uniform  lossless 
transmission  lines.  The  ref lectometer  bridge  was  calibrated  by 
utilizing  a  short  circuit  and  a  standard  reflection  p  =  0.2  (hp  X916E) . 

The  bridge  was  tested  by  measuring  impedance  (1  +  jX),  made  by 
connecting  a  variable  shorting  stub  in  series  with  the  matched 
termination  ZQ.  The  impedance  actually  used  was  a  series  "T"  waveguide 
junction  with  a  matched  load  at  one  port  and  a  movable  short  at  the 
other  port.  Fig.  5.4. 

The  reactive  component  of  this  impedance  is  a  function  of  the 
length  of  the  shorting  stub.  Thus  the  normalised  impedance  gives  the 
expression  (1  +  jX)  with  change  of  position  of  the  short.  Actually,  due 
to  discontinuities  in  the  waveguide  T  junction,  there  are  junction 
reactances  which  are  frequency  dependent . 

To  calibrate  the  microwave  bridge  reflectometer ,  a  short 
(Sanders,  Model  16/2)  was  connected  at  the  reference  plane  RP  (Fig.  5.1) 
and  the  reading  of  the  phase-shifter  noted.  A  reading  of  -19°  was 
obtained,  (ideal  reading  -180°).  Thus  to  the  phase-shifter  readings, 

-161°  has  to  be  added  to  correct  for  unequal  incident  and  reflected  signal 
paths  in  the  measuring  circuit. 
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MOVABLE  SHORT 


a 


TERMINATION 


a 


FIG.  5.4.  WAVEGUIDE  "T"  JUNCTION  TERMINATED  WITH  ITS 

CHARACTERISTIC  IMPEDANCE  AND  A  MOVABLE  SHORT 
IN  THE  TWO  ARMS. 


FIG.  5.5.  PLOT  OF  IMPEDANCE  VARIATION  WITH  MOVEMENT  OF 
SHORT,  FOR  THE  WAVEGUIDE  CIRCUIT  OF  FIG.  5.4. 
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The  magnitude  of  the  reflection  coefficient  p,  was  computed  by 
use  of  the  equation: 

(d  -  3.01)  =  20  logi  ...(5.2) 

where 

d  =  attenuator  reading  to  balance  the  bridge. 

The  correction  for  excess  attenuation  in  the  reflected  signal 
path  is  3.01dB.  This  factor  was  obtained  by  balancing  the  bridge  with 
a  standard  reflection  of  p  =  0.2  connected  at  the  reference  plane  RP, 

Fig.  5.1.  The  attenuator  reading  was  17.0dB.  To  obtain  a  VSIVR  of  1.5 
(p  =  0.2),  it  was  found  from  Eq .  (5.2)  that  3.01dB  has  to  be  subtracted 
from  the  attenuator  reading.  This  gives  the  constant  3.01dB  in 
Eq.  (5.2). 

To  test  the  above  measurement  set-up,  the  impedance  (1  +  jX)  of 
Fig.  5.4  was  measured  at  10.0  GHz.  The  reactive  part  was  changed  by 
varying  the  position  of  the  short.  The  results,  after  adjustments,  are 
shown  in  Fig.  5.5.  The  data  points  lie  fairly  close  to  the  (1  +jX) 
circle,  so  this  plot  reflects  the  accuracy  of  the  microwave  ref lectometer 
bridge . 

5 . 4  Rieke  Diagram  and  Circuit  Admittance  Measurements 

To  obtain  the  Rieke  diagram, load  impedances  and  oscillator 
power  levels  were  measured  for  a  series  of  operating  points  at  several 
frequencies.  Contours  of  constant  frequency  were  obtained  by  plotting 
these  data;  then,  by  interpolation  between  points  corresponding  to 
different  powers  on  these  constant  frequency  curves,  contours  of  constant 
power  were  obtained.  For  example,  to  plot  a  curve  of  constant  frequency 


- 
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the  load  was  first  adjusted  so  that  the  oscillator  operated  at 
frequency  fx  then  the  <J>  and  dB  readings  were  noted.  Next,  the  slide- 
screw  tuner  position  was  changed  slightly,  thus  perturbing  the  frequency; 
the  frequency  of  the  oscillator  signal  was  brought  back  to  f}  by 
adjusting  the  slide-screw  penetration.  This  procedure  was  repeated 
until  sufficient  data  at  that  frequency  had  been  obtained.  Other 
constant  frequency  curves  were  obtained  in  a  similar  manner.  The  data 
included  readings  of  load  power,  frequency,  phase-shifter  and  attenuator 
settings.  The  constant  power  contours  were  obtained  by  interpolation, 
and  smooth  curves  were  drawn  through  the  points.  The  Rieke  diagram  at 
the  plane  of  the  iris  was  obtained  for  ADO:  E1128  and  is  shown  in 
Fig .  5.6. 

The  constant  frequency  curves  are  skew;  the  reason  for  their 
departure  from  constant  susceptance  is  that  the  electronic  susceptance 
is  not  independent  of  power.  The  constant  power  curves  are  not  closed; 
however,  they  do  form  a  nested  set.  Stability  conditions  near  the  region, 
marked  "sink"  are  critical.  Close  to  this  region,  multiple  frequencies 
can  develop,  while  frequency  jumps  and  irregularity  in  frequency  shift 
with  change  of  load  can  occur. 

Sample  Calculation  of  $;  Phase  Angle  of  Reflection  Coefficient 

Suppose  a  minimum  ammeter  reading  is  obtained  when  the  phase- 
shifter  is  set  to  cf>m  =  301.5°.  Then,  uncorrected  phase  is 

Kc  =  "^m  =  -301.5°  ...(5.3) 

The  bridge  was  calibrated  at  10.00  GHz,  the  angle  correction  here  was 
-161°.  Therefore,  at  frequency  f s ,  the  angle  correction  would  be. 
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FIGURE  5.6.  RIEKE  DIAGRAM  OF  THE  OSCILLATOR 
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where 


<h  = 


■161  x  X 


X 


g-s 


-161.5 


X  i  =  guide  wavelength  at  10.00  GHz 
AgS  =  guide  wavelength  at  fs  GHz. 


. . . (5.4) 


To  convert  the  impedance  into  admittance,  180°  were  added  to 


.  .  .  (5.5) 


The  load  admittance  has  to  be  transformed  to  the  plane  of  the 
iris.  The  distance  of  the  reference  plane  from  the  plane  of  the  iris 
is  equal  to  84.33  cm.  The  angle  through  which  the  point  must  rotate  on 
the  Smith  chart  toward  the  generator  is  (p2: 

(p 2  =  x  720°  =  223.0°  ...(5.6) 


Thus,  the  true  angle  for  admittance  at  the  plane  of  the  iris, 
by  use  of  Eq.  (5.3)  through  (5.6),  called  <j>c  is  given  by: 

4>c  =  +  <f>,  +  180°  -  <t>2) 

=  (-301.5°  -  161.5°  +  180.0°  -  223.0°) 

=  214.0° 


5 . 5  Calculation  of  Electronic  Admittance 

The  electronic  admittance  was  calculated  as  follows: 

(1)  Values  of  normalised  load  admittance  (Yt /Y0) ,  at  the 
plane  of  the  iris  (a-a) ,  (Fig.  2.5)  were  read  from  the  Rieke  diagram. 
These  values  were  then  converted  into  impedance  (Zg/Z0)  =  (Y0/Yl) . 


. 
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(2)  The  value  of  ZL  was  obtained  by  multiplying  (Zp/Z0)  by 
the  characteristic  impedance  of  the  waveguide  defined  on  a  voltage- 
current  basis15. 


where 


. .  Zp  (ZL/Z0)  X  Zy^J 


it  b 

ZV,I  =  2  x  a  x  377  x  1  1 


A2  V"5 
4a2" 


where  a  and  b  are  the  broad  and  narrow  inside  dimensions  of  the 
waveguide,  respectively. 

(3)  A  reactance  Z2  (=  wL2)  was  added  to  each  value  of  load 
impedance  Z^.  That  is, 

Zsum  =  (ZL  +  z  2  ^ • 


(4)  This  sum  impedance  Zsum,  when  transformed  through  the  ideal 
transformer  is : 


■Ctf 


x  Z 


sum 


hence 


Y~  = 


1_ 

Z, 


.(5.7) 


. . .  (5.8) 


The  resonator  impedance  Yr  is 


Yr  -  Gr  +  j  ( coC 


j(a£r  -  qjlJ 


. . . (5.9) 


Then,  total  circuit  admittance  seen  by  the  diode  is. 


^total  ^r  +  • 


. . .  (5.10) 


.  • 
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As  the  diode  was  in  cw  operation  when  the  Ricke  diagram  was  obtained, 
it  must  satisfy  the  criteria  for  steady-state  oscillation: 

Ye2  +  Yr  +  Yc  =  0 

or  Ye2  =  "(Yr  +  Yc)  =  -Ytotal  ...(5.11) 

Values  of  electronic  admittance  Ye2  so  obtained  are  plotted 
in  the  admittance  plane,  Fig.  5.7.  Some  of  the  power  points  are  marked- 
off  on  these  curves. 

The  skew  nature  of  the  constant  frequency  curves  is  carried 
over  to  the  electronic  admittance  plots.  The  output  power  of  the 
oscillator  increases  with  increasing  negative  electronic  conductance. 

5.6  Hysteresis  Phenomena 

When  a  controlling  parameter  of  the  oscillator  was  varied,  such 
as  bias  current  or  load  impedance,  it  was  found  possible  to  obtain 
conditions  where  the  frequency  would  jump  from  one  value  to  another; 
furthermore,  if  the  direction  of  change  of  the  controlling  parameter  was 
reversed,  the  frequency  jump  would  occur  between  two  frequencies 
different  from  those  between  which  the  jump  occurred  earlier.  Before 
these  frequency  jumps  occurred,  several  sidebands,  spaced  close  to  the 
main  signal,  would  appear  and  the  frequency  jump  would  occur  to  the 
stronger  of  these  parasitic  components.  It  was  found  that  this  condition 
can  occur  if  the  circuit  is  such  that  the  circuit  admittance  versus 
frequency  curve  as  seen  by  the  diode  has  multiple  intersections  with  the 
electronic  admittance  curve,  as  shown  by  Kurokawa  .  Varying  a 
controlling  parameter  of  the  oscillator  changes  the  shape  and  position  of 
these  curves,  and  hence  moves  their  points  of  intersections  or  causes 
points  of  intersection  to  be  eliminated  or  created.  When  the 
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oscillator's  operating  point  occurs  at  a  particular  point  of 
intersection  that  ceases  to  be  a  stable  operating  point,  discontinuous 
frequency  changes  will  occur. 

The  hysteresis  effect  with  varying  load  is  shown  in  Fig.  5.8. 
These  curves  were  obtained  by  varying  the  slide-screw  tuner  position  at 
a  constant  screw  penetration.  For  small  screw  depths,  the  power  versus 
frequency  curves  are  closed  whereas,  for  larger  penetrations,  they  are 
open.  For  example,  for  curve  V,  when  the  slide-screw  tuner  was  moved 
towards  the  load,  the  power  varied  and  frequency  decreased  until  point 
A"  was  reached,  whence  the  operating  point  jumped  to  point  B". 

Continuous  movement  toward  the  load  caused  the  portion  B"-A"-B"-A" . . . 
to  be  continuously  retraced.  However,  when  the  slide-screw  tuner  was 
moved  towards  the  generator,  the  curve  C"-D"-C"-D" . . .  was  traced  out. 
Similar  results  were  obtained  for  curves  III  and  IV.  Before  the 
frequency  jump  from  A,  A',  C,  etc.  occurred,  many  frequency  components 
appeared;  a  typical  frequency  spectrum  is  shown  in  Fig.  5.9. 

When  another  controlling  parameter,  the  diode  current,  was 
varied,  frequency  hysteresis  was  again  observed.  This  irregularity  in 
frequency  variation  with  current  is  again  present  only  for  large 
reflection  coefficients.  Fig.  5.10  and  Fig.  5.11,  illustrate  the 
hysteresis  phenomenon.  Extra  frequency  components  appeared  at  point  A 
and  point  C;  there  the  output  was  noisy  and  the  jump  occurred  to  the 
stronger  of  the  extra  components . 

To  investigate  the  load  conditions  when  frequency  jumps  occur, 
the  circuit  admittance  across  Ye,  as  a  function  of  frequency  was  computed 
and  plotted  (see  Fig.  5.12).  The  applicable  part  of  the  admittance  curve 
is  reproduced  in  enlarged  form  in  Fig.  5.13.  Comparing  Fig.  5.13  and 
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FIG.  5.8.  CHANGE  OF  LOAD  POWER  AND  FREQUENCY 
AS  A  FUNCTION  OF  SLIDE  SCREW  TUNER  POSITION 
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FIG.  5.9.  A  TYPICAL  FREQUENCY  SPECTRUM  BEFORE  A  FREQUENCY  JUMP 
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FIG.  5.10.  CHANGE  OF  FREQUENCY  WITH  BIAS  CURRENT 

FOR  A  GIVEN  LOAD 
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FIG.  5-11.  CHANGE  OF  POWER  WITH  BIAS  CURRENT 

FOR  A  GIVEN  LOAD 
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FIG.  5.12.  CIRCUIT  ADMITTANCE  ASA  FUNCTION  OF  FREQUENCY 
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Gc  MHOS, 

FIG.  5.13. 

CHANGE  OF  DIODE  ADMITTANCE  AS  A  FUNCTION 
OF  DIODE  CURRENT  FOR  A  GIVEN  LOAD 
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Fig.  5.10,  it  is  seen  that  oscillations  start  at  point  S  as  expected. 

This  is  the  first  point  at  which  the  negative  value  of  electronic 
conductance  just  cancels  the  circuit  conductance  Gc.  As  the  bias  current 
was  increased,  the  electronic  admittance  followed  the  outer  curve  along 
S-D-A.  Then  the  signal  jumped  from  point  A  to  B.  With  further  increase 
in  current  the  curve  followed  the  inner  curve  from  B  in  the  increasing 
Gc  direction.  However,  when  the  current  was  decreased  from  the  maximum 
permissible  value  it  reached  C,  beyond  B  and  jumped  tangentially  to 
point  D.  Thus,  the  operating  point  of  oscillation  depends  on  the 
history  of  oscillation  too. 

It  was  experimentally  observed  that  oscillations  become  very 
noisy  when  the  boundary  of  stable  region  is  reached.  Here,  parasitic 
oscillations  at  frequencies  (u)  +  Ato)  and  (a)  -  Aco)  can  occur  because  the 
diode  possesses  negative  resistance  at  these  extra  frequencies  too.  In 
contrast,  when  the  diode  is  in  stable  operation  it  possesses  negative 
resistance  only  at  operating  frequency. 

Thus  for  satisfactory  cw  performance  of  the  IMPATT  oscillator, 
operating  conditions  should  be  such  that  the  oscillator  operates  away 
from  the  unstable  region. 

5.7  Sources  of  Error 

The  main  sources  of  measurement  errors  for  the  reflectometer 
system  are: 

(1)  Finite  directivity  of  directional  couplers 

(2)  Adjustments  in  comparison  set-up 

(3)  Limited  precision  of  attenuator 

(4)  Limited  precision  of  phase-shifter 

(5)  Limited  sensitivity  of  crystal  detectors 
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(1)  Finite  directivity  of  Directional  Couplers 

The  finite  directivity  of  directional  couplers  is  due  to 
electrical  and  mechanical  limitations,  as  a  result  of  which  the  detector 
connected  to  the  reverse  coupler  will  contain  a  small  signal  component 
that  is  proportional  to  the  incident  wave.  According  to  the 
manufacturer's  specifications  the  directional  couplers  used  possess  a 
directivity  better  than  40dB. 

(2)  Adjustments  in  Comparison  System 

The  main  source  of  error  is  attenuation  in  the  reflected  signal 
sample  and  phase-shift  in  the  incident  signal  sample,  produced  by  the 
phase-shifter  and  attenuator  respectively.  Insertion  loss  variation  of 
phase-shifter  with  phase-setting  is  <0.4dB  and  phase-shift  with 
attenuator  setting  is  negligible.  Isolators  were  used  to  prevent 
reflections  caused  by  adjustments  in  "comparison"  and  "detection" 
systems  from  affecting  the  conditions  in  the  main  transmission  line. 
These  isolators  have  a  minimum  isolation  of  30dB  and  maximum  input 
reflection  coefficient  of  0.07.  There  is  a  maximum  insertion  loss  of 
l.OdB,  but  this  loss  is  balanced  out  and  the  variation  over  the  small 
frequency  range  of  the  experiment  is  negligible. 

(3)  Precision  of  Attenuator 

The  reading  accuracy  of  the  attenuator  used,  is  better  for 
small  attenuator  readings  than  it  is  for  large  attenuator  settings 
(these  correspond  to  nearly  matched  loads)  .  This  is  because  the  scale 
of  a  rotary  vane  attenuator,  which  varies  as  (40  log  cosO)  with  angular 
rotation  of  the  vane,  is  crowded  at  the  higher  end.  Maximum  error  due 
to  mechanical  backlash  of  the  (hp  X382A)  attenuator  is  less  than  0.3dB. 
Variation  of  phase  with  attenuator  setting  is  negligible. 
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(4)  Precision  of  Phase -Shifter 

The  accuracy  of  scale  reading  is  ±  2%  and  insertion  loss 
variation  with  phase-setting  is  <  0.4dB. 

(5)  Limited  Sensitivity  of  the  Crystal  Detector 

Since  a  certain  signal-level  is  required  before  response  above 
noise-level  is  obtained,  it  is  difficult  to  measure  nearly  matched  loads 
since  the  reflected  power  will  be  small.  For  the  detectors  (hp  X424A) 
used,  the  low-level  sensitivity  is  0.4mW/yW  and  the  micro-ammeter  can 


read  down  to  0.02yA. 


CHAPTER  VI 


CONCLUSIONS 

Starting  with  the  assumption  that  the  avalanche  diode 
oscillator  can  be  represented  by  an  electronic  admittance  Ye  and  a 
resonator  admittance  Yr  connected  in  parallel,  these  admittances  were 
then  determined  experimentally. 

The  component  values  for  the  passive  part  of  the  equivalent 
circuit  were  evaluated  by  means  of  cold-tests.  It  was  found  that 
Eng's  method  could  be  employed  for  this  purpose. 

The  resonant  frequency  of  the  circuit  was  observed  to  change 
with  applied  bias  voltage.  The  variation  in  resonant  frequency  is  due 
to  change  of  capacitance  with  bias  voltage.  Curves  of  admittance  of  the 
total  circuit  as  a  function  of  frequency  have  been  presented  for 
different  bias  voltages,  less  than  the  breakdown  voltage.  From  these 
curves,  and  from  VSWR  versus  frequency  plots,  it  is  clearly  seen  that 
the  behaviour  is  that  of  a  double-tuned  circuit,  and  that  the  Q  of  the 
diode  increases  as  the  bias  voltage  is  increased.  With  increasing  bias 
voltage,  the  small  signal  electronic  admittance  approaches  the  value  of 
electronic  admittance  corresponding  to  cw  operation.  The  electronic 
conductance  G01  has  an  appreciable  positive  value  for  small  values  of  the 
bias  voltages,  however  Gei  decreases  with  increasing  bias  voltage.  The 
electronic  susceptance  Bei  gradually  approaches,  with  increase  of  bias 
voltage,  the  value  Be2  (the  electronic  susceptance  of  the  diode  when  it 
is  in  steady-state  oscillation) . 
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The  effect  of  external  load  admittance  on  diode  behaviour  was 
studied  by  plotting  a  Rieke  diagram  with  the  aid  of  a  microwave 
ref lectometer  bridge.  Diode  operation  has  been  observed  to  be  very 
sensitive  to  load  changes.  Constant  frequency  curves  do  not  coincide 
with  constant  susceptance  curves  on  the  Admittance  chart;  the  reason  for 
this  departure  from  constant  susceptance  curves  is  that  electronic 
susceptance  is  not  independent  of  power. 

In  the  Rieke  diagram  the  constant  power  curves  measured  were 
not  closed;  however  they  do  form  a  nested  set.  The  stability  conditions 
near  the  region  marked  "Sink"  are  critical.  In  this  region,  multiple 
frequencies  can  develop;  in  addition,  frequency  jumps  (irregularity  in 
frequency  shift  with  a  change  of  load)  can  occur.  Thus ,  loads  lying  in 
this  region  are  not  suitable  to  obtain  stable  operation  from  an 
avalanche  diode  oscillator. 

The  electronic  admittance  Ye2  of  the  diode  (admittance  when  in 
cw  operation)  was  obtained  by  reduction  of  the  load  diagram.  The  skew 
nature  of  the  constant  frequency  curves  is  caused  by  variation  in  Be2 
with  power  level. 

Frequency  hysteresis  and  frequency  jumps  were  observed  both 
with  a  change  of  bias  current  and  with  a  variation  of  load  impedance. 
When  the  bias  current  (or  the  load  impedance)  was  varied,  such  that  it 
moved  the  operating  point  of  the  oscillator  close  to  the  boundary  of  the 
unstable  region,  extra  frequency  components  would  appear  and  the 
frequency  jumped  to  the  stronger  of  these  parasitic  components. 

For  further  work  it  would  be  worthwhile  to  use  the  Rieke 
diagram  for  determining  the  suitable  locking  range  for  an  avalanche 
diode  oscillator.  This  should  be  possible  because  an  inj ection- locking 
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signal  can  be  thought  of  as  being  analogous  to  a  reflection  from  a  load. 
David  showed  that  useful  information  about  injection-locking,  such 
as  power-level  and  locking  range  can  be  obtained  by  drawing  "constant 
reflection  contours"  on  the  load  diagram.  The  regions  of  load  diagram 
where  frequency  instability  is  acute  and  frequency  jumps  can  occur  are 
also  regions  of  appreciable  noise,  thus  these  regions  are  not  suitable 
for  injection  locking  purposes. 

The  build-up  of  oscillations  may  be  studied  by  a  further 
investigation  of  the  observed  frequency  jumping  characteristics.  After 
the  signal  frequency  jumps  from  one  value  to  another,  by  change  of  an 
oscillator  parameter,  the  generated  signal  goes  through  a  transient 
change  in  amplitude  and  frequency  before  it  settles  down  to  stable 
values.  By  a  study  of  this  transient  change  in  signal  characteristics 
(accompanied  by  a  change  in  electronic  admittance)  one  could  obtain  an 
"admittance  compression  factor".  However,  because  of  the  problems 
associated  with  measurement  of  a  quick  change,  the  measurement  technique 
would  be  quite  involved  and  would  have  to  be  compatible  with  the  short- 
time  measurements  of  a  transient. 

In  conclusion,  the  performance  of  an  avalanche  diode  oscillator 
has  been  found  sensitive  to  changes  in  load  impedance.  The  electronic 
admittance  has  been  determined  under  various  operating  conditions.  An 
understanding  of  these  phenomena  will  enable  one  to  predict  the  manner 
in  which  the  behaviour  of  the  oscillator  will  be  affected  by  changes  in 
loading  conditions. 
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APPENDIX  A 


ERRORS 

Since  most  of  the  data  were  obtained  experimentally  they  contain 
errors  due  to  limited  measuring  accuracy,  stability  of  the  generator, 
personal  errors,  etc.  To  see  how  an  error  in  an  initial  measurement 
propagates  through  subsequent  calculations  and  affects  the  computation 
of  equivalent  circuit  parameters,  an  elementary  and  brief  numerical 
analysis  was  done. 

Errors  in  the  measurement  of  VSIVR  are  due  to  sensitivity  of 
the  square-law  detector  to  power  and  temperature  variation,  slot  in  the 
slotted  section,  and  variation  in  the  probe  depth  with  the  movement  of 
carriage  across  the  slotted  section.  The  probe  depth  varies  by  an 
amount  equal  to  variation  in  thickness  of  the  top  surface,  of  the  slotted- 
section,  along  the  line.  A  variation  of  0.001"  introduces  a  voltage 
error  of  1.6%  when  the  probe  depth  is  1/16".  The  error  increases  to 
6.4%  for  a  probe  depth  of  1/64"  16 .  In  addition,  switching  scales 
on  the  VSWR  indicator  introduces  an  error  of  2%. 

The  signal  generator  (hp  8690,  8694B)  used  for  cold-tests  has  a 
stability  of  ±1  MHz  and  the  frequency  meter  an  overall  accuracy  of  0.08%. 
The  capacitance  meter  could  contribute  an  error  of  up  to  (O.OlpF  +  0.5% 
of  scale  reading).  When  these  errors  were  considered,  it  was  found 
that  relative  error  in  resonator  capacitance  Cr  and  unloaded  Q,  Qq  of  the 
resonator  could  be  up  to  0.04  and  0.08  respectively.  Relative  error  in 
the  resonant  frequency  of  the  cavity  could  be  up  to  0.001  and  that  in  the 
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resonator  conductance  up  to  0.12.  For  the  resonator  inductance  Lr 


the  relative  error  could  be  as  high  as  0.04. 


